Introduction
Hair follicle stem cells (HFSCs) reside in a structure within the outer root sheath of the hair follicle known as the bulge [1, 2] . In the bulge, the cells exist in an undifferentiated state, and their normal role is to generate the hair follicle (HF) and regrow the hair shaft. During the hair growth cycle, HFSCs are localized in anagen at the site of the arrector pili muscle and rapidly proliferating progenitor cells in the bulb generate the hair shaft and its surrounding inner root sheath [2] . If skin injury occurs, HFSCs can contribute to repair of the sebaceous gland [3] , epidermis [4] and are able to regenerate neurons [5] .
In therapeutic perspectives, human HFSCs can be used for the preparation of epidermal substitutes to treat defective skin, burn victims, to promote the healing of leg ulcers, for the de novo reproduction of HF and for gene therapy. During fabrication of tissue-engineered product, living cells are mostly needed [6] . All of these purposes require large amounts of intact and highly proliferative HFSCs as a source for tissue regeneration. All of stem cells, including HFSCs, never lose their regenerative capability if their niche is not destroyed. Therefore, determining the conditions that allow bulge cells to maintain their viability in vitro is urgently required.
For characterization, Ohyama et al. demonstrated that CD200 was expressed in human anagen HFs in situ [7] . CD200 has become the important surface marker for the characterization of human HFSCs [8] . In contrast, the isolation of HFSCs remains poor. Currently, for primary culture or subculture, researchers use KSFM in a coated culture vessel to propagate human HFSCs attached to the culture vessels [7, [9] [10] [11] . Unfortunately, the cells are not homogeneous, proliferate slowly and are poorly characterized [11] [12] [13] . Moreover, no studies have shown the exact cell morphology of primary cultures of human HFSCs. In the present study, a simple isolation method for HFSCs and a comparison of the viability of HFSCs cultured in KSFM in a coated culture vessel and CnT07 without a coated culture vessel were shown. HFSCs were highly proliferative in CnT07 defined media, which recapitulates the stem cell niche of human HFs and represents an excellent medium for isolation and cultivation. 
Experimental Procedures

Isolation and characterization of HFSCs
Scalp samples were obtained from 10 consented patients undergoing scalp surgery and wound suturing. To avoid contamination and to preserve whole cells, the scalp was dissected within 24 hours. The scalp sample was cut into approximately 0.3 cm 2 to 0.5 cm 2 pieces in a Petri dish (Nunc, Denmark) containing phosphatebuffered saline (PBS) (Gibco, USA). The pieces were washed in PBS to completely removed cell debris. To separate the epidermis from the dermis, the pieces were incubated in William's E medium (Sigma, Germany) supplemented with 0.1% (w/v) reconstituted dispase (Invitrogen, Japan) and 1% antimycotic (Invitrogen, USA) at 4°C overnight or at 37°C for 3 to 4 hours. After the epidermis was removed, the remaining dermis was incubated with William's E medium (Sigma, Germany) containing 0.1% collagenase type I (Gibco, USA) and incubated overnight in a 37°C incubator-roller (Binder, Germany). After being vigorously resuspended, the cell suspension was filtered using a 70 µm strainer (BD Falcon, USA) to remove the hair shaft and agglutinated cells. The culture medium was dispensed into the strainer to increase cell outflow. Stem cells were collected by centrifugation (Hettichzentrifugen, Germany) at 320xg for 5 minutes and cultured in a 6-well plate (Nunc, Denmark) at a density of 1x10 5 cells per well in CnT07 (Cellntech, Switzerland) media supplemented with 1% antimycotic. The cells were incubated in a humidified atmosphere at 37°C with 5% CO 2 . For immunocytochemistry analysis, stem cells from passages three to six were used (n=6). To passage the cells, they were incubated with accutase (Innovative Cells Technologies Inc., USA) for 10 to 15 minutes and seeded into a 24-well plate (Orange Scientific, Belgium) at a density of 1x10 4 cells per well. At 80% confluence, the cells were fixed with cold methanol (Merck, Germany) for 10 minutes at -20°C and incubated with a mouse anti-human CD200 monoclonal antibody (Abcam, UK) and mouse antihuman cytokeratin 15 monoclonal antibody (K15) (Abcam, UK). The primary antibody was omitted in the negative control. Primary antibody incubation (1:200) was performed at room temperature for one hour. The K15-and CD200-positive cells were detected with the immunoperoxidase secondary detection system protocol (Millipore, USA). Images were captured under an inverted microscope (Leica, Germany). For flow cytometry analyses, HFSCs from passages one to four (n=3) at a density of 1x10 5 to 1x10 6 cells/ antibody test were used. APC-conjugated mouse anti-human CD200 monoclonal antibody (Serotec, UK), FITC-conjugated rabbit anti-human cytokeratin 15 monoclonal antibody (Epitomics, USA) and FITC/ APC-conjugated mouse IgG1 for isotype control were used at dilution of 1:10 to 1:100. Centrifuged cells were incubated with conjugated antibodies in the dark for 30 minutes at room temperature and analyzed with a BD FACS Canto ll flow cytometer (BD Biosciences, USA).
Viability of HFSCs
To evaluate the viability of cells, HFSCs (n=3) were cultured in a 24-well plate at a density of 1x10 4 cells per well in CnT07 medium without coating matrix or in KSFM with coating matrix. Prior to seeding, coating matrix (Cascade Biologics, USA) was added to the well plate, air dried in a biological safety cabinet (Nuaire, USA) for one hour and then discarded. The cultured cells were evaluated with Presto Blue Cell Viability Reagent (Invitrogen, USA) at a 1:10 dilution after 2 hours of incubation. To determine the viability of cultured cells, 100 µl of medium was transferred to a 96-well plate (Orange, Belgium) and analyzed using a Nano Quant enzyme-linked immunosorbent assay reader (Tecan, Austria). The absorbance was determined at 570 nm with a reference wavelength of 600 nm and converted into the percentage reduction of the Presto Blue reagent according to the manufacture`s protocol. To determine the number of cells in CnT07 and KSFM medium, a standard curve was prepared using serial dilutions of 1.5-3x10 5 cells per well. The population doubling time (PDT) was measured using the formula PDT=1/r. The multiplication rate was calculated as r=3.32 (log N 2 -log N 1 )/t 2 -t 1 where N 2 is the total cells harvested at hour t 2 and N 1 is the total cells harvested at hour t 1 [14] .
Differentiation of HFSCs into an epidermal layer
Stem cells from passages three to six were used for differentiation into an epidermal layer (n=3). In total, 1x10 4 cells were cultured in a 24-well plate (Orange Scientific) in CnT07 (Cellntech) until they reached 100% confluence and the medium was changed to CnT02-3D (Cellntech) to trigger the onset of terminal differentiation into the epidermis. The epidermal layer was confirmed by the mouse anti-human involucrin monoclonal antibody (Abcam, UK) and mouse antihuman cytokeratin 6 (K6) monoclonal antibody (Abcam, UK). Primary antibody incubation (1:500) was performed at room temperature for one hour. Involucrin-and K6-positive cells were detected with the immunoperoxidase secondary detection system protocol (Millipore, USA). As a positive control, normal human keratinocytes from the skin were used. As a negative control, HFSCs at less than 50% confluence were used for differentiation. Images were captured under an inverted microscope (Leica, Germany).
Statistics
The data are presented as the mean ± SEM. A repeated measures ANOVA was used for viability analyses. The mean difference was significant at the P<0.05 level.
Results and Discussion
Isolation and viability of HFSCs in CnT07
The digested bulge was cultured in CnT07 media, which led to the quick proliferation of HFSCs. All of the cells were observed to be floating on day 0, including hair shafts, connective cells, suspension cells and debris. On day 1, the plate was washed with PBS to remove the remaining floating cells and new fresh media were added. On day 2, HFSCs were clearly observed to be attached to the plate ( Figure 1A ) and they were confluent on day 10 ( Figure 1B) . The HFSCs displayed typical epithelioid morphology with a clear nucleus and a large cytoplasm ( Figure 1C) . The viability assay showed that HFSCs in non-coated plates with CnT07 medium were significantly more viable compared with HFSCs in coated-plates with KSFM on days 2, 4, 6 and 8 (P=0.004) ( Figure 1D ). The PDT of HFSCs was 21.48±0.44 hours in non-coated plates with CnT07 and 30.73±0.75 hours in coated plates with KSFM. The uncoated culture vessel containing CnT07 showed better cell growth which suggests eliminating any coating agent such as collagen type lV or a cell feeder layer in the cultivation of HFSCs, as previously used [9] [10] [11] [12] . Moreover, the isolation technique may be an alternative to the plucking or explant technique that uses coated culture vessels. The basal medium of CnT07 contains low calcium (0.07 mM), vitamins, supplements (A, B and C), organic compounds, amino acids, and minerals. However, KSFM contains 0.1 mM of calcium and supplemented with only one supplement. CnT07 is convenient for researchers studying clinical applications. This method is free from animal products and will be an excellent tool for human tissue regeneration and cell therapy. Avoiding animal products can prevent xeno-contamination. Xenocontamination can provoke immunological reactions in patients [15] . Using the human embryonic stem cells model, Ellerstroem et al. confirmed that animal components are not necessary for the establishment and culture of human cells [16] . Using our method, unknown animal pathogens can be avoided and it supports xeno-free human cell isolation. Our HFSCs showed high viability and were easily enriched from disaggregated dermis, suggesting an alternative technique to cell-sorting systems [17] . Although many types of cells reside in the dermis, for example, sweat gland [18] , dermal sheath and dermal papilla [19] , nestin [20] , endothelial cells [21] , melanocytes [22] , Merkel cells [23] and fibroblasts [24] , serum-free and defined media do not support the growth of unspecific cells and causes these cells to degrade during cultivation. As a result, only HFSCs are sustained in defined media. A simple isolation scheme for HFSCs is shown in Figure 1E .
During early cultivation, Hoogduijn et al. noted that their stem cell morphology was heterogeneously disrupted with fibroblast overgrowth [13] . This condition will reduce the purity of stem cells and is not feasible to direct stem cell differentiation into an engineered graft. Tissue engineering uses specific stem cells to replace any damaged or lost tissue or organ [25] . In the present study, the morphology of HFSCs was homogeneous as early as day 2 with high proliferation as described previously [11] which is promising for skin tissue engineering.
Characterization and differentiation of HFSCs
HFSCs were characterized using a marker for epithelial stem cells, K15 and a cell surface marker for human bulge, CD200. The HFSCs were positive for both K15 and CD200 with a brownish color within cells (Figures 2A  and 2B ) and only the nucleus was stained blue as a negative control ( Figure 2C ). Flow cytometry analysis revealed that HFSCs were expressed 65.20±3.16% of CD200 and 72.07±6.62% of K15 ( Figures 2D and 2E ). K15-and CD200-positive cells were also obtained from human hair follicle in situ [1, 7, 9] and in vitro [7, 9] , indicating that these two markers are the most useful positive markers for human bulge cells. K15 which is a type I keratin, is one of the earliest phase markers used to define the localization of the HF stem cell niche [1, 9, 26] and can be a signal for the transition from stem to transient amplification (TA) cells if it is downregulated in bulge cells [27] . CD200 is the best positive marker for the human bulge [8] . CD200 is a type-1 transmembrane glycoprotein that plays an important role in the regulation of the immune response [28] . After HFSCs reached 100% confluence, CnT02-3D media was used to differentiate HFSCs into an epidermal layer. The marker of epidermal differentiation, involucrin and the marker for proliferating cells in the epidermis, K6, were used to characterize the differentiated epidermal layer. Both markers demonstrated a brownish color in the differentiated epidermal layer ( Figures 3A and 3B ) and their usefulness was confirmed in normal human keratinocytes as a positive control (Figures 3C and 3D) . HFSCs are capable of forming other epithelial cells. Stem cells that are capable of giving rise to restricted cell types in their lineage potential are defined as multipotent. HFSCs can also give rise to non-epithelial cells, such as neurons [10] . The differentiation ability along neuroectodermal and mesodermal pathways is defined as pluripotent. Pluripotent stem cells can give rise to every cell type in the body but are unable to give rise to the placenta or supporting tissue for fetal development [2] which totipotent stem cells can do. Our HFSCs demonstrated specific differentiation into an epidermal layer after 2 weeks of cultivation in defined CnT02-3D media ( Figure 4A ). After 3 weeks of cultivation in defined media, the differentiation became more obvious with a differentiated epidermal layer ( Figure 4B ). HFSCs must achieve a confluent monolayer before epidermal induction. The non-monolayer or non-confluent HFSCs ( Figure 4C ) were unable to specifically differentiate into an epidermal layer ( Figure 3E ). Our HFSCs were differentiated using CnT02-3D media (Cellntech) which contains 1.2 mM calcium (Ca2+) for triggering the onset of terminal differentiation into the epidermal layer. Highcalcium media results in decreased proliferation and enhanced terminal differentiation. The characterization of the differentiated epidermal layer was confirmed by the presence K6-and involucrin-positive cells. Involucrin is a marker of the epidermis and is only expressed in the suprabasal layers of stratified squamous epithelium [29] . K6 is an epidermal marker of hyperproliferation and is expressed in the suprabasal layers of non-keratinized squamous epithelium [30] .
Conclusions
This is an introductory in vitro study of stem cells isolation from human scalp with a simple method. To our knowledge, this is the first study of HFSC isolation from the dermis. We have shown that HFSCs are easily isolated under xeno-free conditions beginning from scalp disaggregation to cell passage and these cells maintained their viability and the purity of "stemness" and easily differentiated into an epidermal layer. The defined medium CnT07 is the best growth medium that supports the primary culture, cultivation and expansion of HFSCs with high proliferation, even without a coating agent. These HFSCs still highly express CD200 and K15 markers. The defined medium CnT02-3D is also a promising medium for epidermal differentiation. This technique is less time and labor consuming which will facilitate future skin tissue engineering research. 
